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Abstract 
      Solid-liquid equilibria are imperatively required for any design calculations of equipments like crystallizers. 
Since any experimental measurement is not always easy to carry out, then the modeling of such data can be of a great 
importance.  
Consequently the present work deals with measurements by means of the differential scanning calorimetry (DSC) 
technique, and then predictions of solid-liquid equilibria in order to calculate the necessary interaction parameters for 
thermodynamic activity coefficient models like the UNIFAC or the NRTL. 
   
      Binary and ternary systems which may have applications in the food or the pharmaceutical fields, were 
considered in the present study, with water or formamide as the solvents and D-Sorbitol, D-Glucose and D-Glucose 
monohydrate, as the solid solute. 
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1. Introduction 
 In any design problem concerning separation equipment, the knowledge of the phase equilibria data is 
an essential step. The experimental measurement of such data is a complex task and therefore the use of 
thermodynamic models for its prediction is very important. This has encouraged the present study, by 
considering liquid-solid systems. Binary systems were considered to determine, experimentally, the 
variation of the solute solubility in the solvent, with temperature.  Generally, the techniques of solubility 
determination of a solute in a solvent are relatively simple. However they require a great care, due to the 
difficulty to reach a complete state of equilibrium of the solid in the liquid solution. Therefore it is 
necessary to maintain an intimate and prolonged contact between both phases. As a second part of this 
work, the modeling of the solid-liquid equilibria obtained a well as the solubility of Naphthalene in 
various organic solvents, was performed using different thermodynamic models such as UNIFAC and 
NRTL. 
2. Experimental 
The present experimental study concerns measurements of liquid-solid phase equilibria for binary 
systems, by means of the differential scanning calorimetry technique, using a SETARAM DSC92 
calorimeter 
2.1. Chemicals 
x The solvent such as Water was bi-distilled locally using a GFL 2001/4 distillation unit.  
2.2 Experimental procedure 
Solution samples were prepared in a jacketed glass beaker using tap water to keep a constant 
temperature. The solutions were magnetically agitated at constant speed of 200 rpm for 30 minutes, to 
ensure good mixing of the dissolved solid and the liquid solvent. The solutions were then decanted and 
sufficient time is allowed for their solidification. Solid samples were then encapsulated in standard 
aluminium sealed pans with a pierced cover lids, ready for DSC analyses. The reference pan, used for 
each experiment, was empty and identical to the one used on the measuring side. Temperature scans were 
conducted over the temperature range from 273 K to 473 K with an average heating rate q = 1 K min-
1.This experimental procedure was repeated twice for each considered chemical system to ensure 
reproducibility of the results. All investigated samples had a mass of 23.4 mg. Temperature calibration 
was made using three reference standards, indium, zinc and lead.  
The obtained deviations are negligible and may be due essentially to the solvent evaporation as well as 
to the titration method.  
The experimental determination of the solubilities is performed by means of the thermal analysis 
using the DSC technique. As an illustration a typical thermogram obtained for the calibration of the 
apparatus using Indium, is shown by the following figure:  
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Fig 1: Calibration curve for Indium 
The results are shown in the following table:  
Table 1: Indium calibration results In 
Trial N° Enthalpy of 
Melting (J/g) 
Melting 
temperature (°C) 
1 -28.25 158.66 
2 -28.35 158.88 
3 -28.20 158.85 
 
The onset temperature for melting is around 156.6 and 157.6°C, for a melting enthalpy lying between 
-26.8 and -30.2 J/g [1]. Therefore the results are given as mean values throughout this study. 
3. SOLID-EQUILIBRIA MODELING  
At a fixed temperature and pressure, the solid-liquid equilibrium is conditioned by the isofugacity 
criterion. For a given constituent A, this condition is expressed as follows 
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With S and L denoting the solid and liquid states, respectively, xA  the molar fraction of constituent A, 
JA  the activity coefficient and fA, pure the fugacity of pure constituent in each phase. 
This leads to the following solubility equation: 
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Where Ttp and H' tp are the temperature and the enthalpy at the triple point respectively, pC' and 
pV'  represent the differences in heat capacity and volume for the liquid with the solid.  
However it is usual in the great majority of cases to neglect the effects of pressure and the variation 
of the heat capacity on the solubility and to consider safely the fusion temperature instead of the triple 
point which is generally not known for many constituents. These assumptions lead to the following 
general solubility equation:  
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Therefore reliable thermodynamic models are needed for the calculation of the activity coefficient, 
where the well known ones, namely UNIFAC, UNIQUAC and NRTL are tested in the present work.  
Briefly they are described as follows: 
 
3.1 NRTL (Non Random Two Liquids) model  
 
This model was originally proposed by Renon and Prausnitz [2]. It is mainly based on the introduction 
of the local composition concept with the hypothesis of a non random molecular distribution, similarly to 
the propositions put forward by Wilson [3] and Scott [4]. For a mixture of n constituents, n different 
elementary cells with different central molecules are considered. Figure1 shows schematically two 
different elementary cells as follows:  
     
 
 
According to this model, the activity coefficient for a constituent I is expressed as follows: 
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with jiD  the randomness parameter and Cji=gji-gii, gij being the molar free energy due to the interaction 
between molecule i and j. 
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3.2 Model of UNIFAC (UNIQUAC Functional –group Activity Coefficient) 
 
This model is based on a group contribution concept where the activity coefficient is defined as 
follows [5] [6]: 
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xi represents the molar fraction of constituent i and the summations are all over the constituents, 4  and 
)  are the surface area and volume fractions, respectively, ri and qi are the molecular volume and surface 
area, respectively and can be calculated as follows : 
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where )(iKQ  is the number of type k groups in molecule i, Rk  and  Qk  are the group volume and surface 
parameters which are readily available in standard tables or can be calculated from the following 
relationships : 
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With  wkV  and wkA  the volume and the surface area of the considered group. 
 
The residual term is given as follows: 
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Where k* and 
 i
k*  are the residual activity coefficients of group k in the mixture and in pure liquid i, 
respectively. 
 
The residual activity coefficient of group k is then expressed as follows: 
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With m4 the group surface fraction in the mixture and mX  the group molar fraction in the solution. 
The interaction parameter between groups m and n is then calculated from the following:  
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mn<  is the Boltzmann factor corresponding to the interaction parameter  amn (amn=Umn-Unm). 
 
4. RESULTS AND DISCUSSION 
 
     The results obtained both experimentally and by modelling of solid-liquid equilibria are presented for 
the various systems considered as follows: 
 
4.1 binary systems 
4.1.1 Solubility of D-Sorbitol in Water  
      Fig 2 shows the thermogram obtained by means of the DSC 92 for the D-Sorbitol, from which the 
obtained melting temperature and enthalpy are 367.34 K and -135.347 J/g, respectively. The melting 
temperature is close to 366.15-370.15 K, the reported value in the literature [7] [8] and -142.70,-
165.80J/g, whereas the melting enthalpy value is of the same order of magnitude of reported results in the 
same source.  
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Fig 2:  D-Sorbitol thermogram from DSC92 
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The experimentally measured solubility of D-Sorbitol in water is shown in the fig 3. 
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Fig 3:  Solid-Liquid equiliria for D-Sorbitol –Water 
 
For the modelling of the results, the NRTL model gives results very close to the experimental values. The 
opportunity was taken to calculate interaction parameters for this model for this system and the results are 
presented in the following table: 
 
Table 2: Calculated NRTL interaction parameters 
 
System W12 W21 
D-Sorbitol (1) – Water (2) 115.1893 -107.3197 
4.1.2 Solubility of D-Glucose in Water  
 
Fig 4 shows the thermogram obtained by means of the DSC 92 for the D-Glucose, from which the 
obtained melting temperature and enthalpy are 433.49K and 178.252 J/g, respectively. The melting 
temperature is close to 431.15-433.5 K [9] [10], and 179      195.9 J/g, whereas the melting enthalpy value 
is of the same order of magnitude of reported results in the same source for the form Į. And 421.15 – 
423.15K [11] [12], and 160J/g in the same source for the form ȕ. 
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Fig 4: D-Glucose thermogram from DSC92 
 
We can note that experimental results are compatible with the beach of theoretical data of Į-D-
Glucose, what proves that D-Glucose used is of anomeric form Į.  
The experimentally measured solubility of Į D-Glucose in water, are shown in the figures 5. 
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Fig5:  Solid-Liquid equiliria for Į D-glucose -Water 
 
 
For the modelling of the results, the NRTL model gives results very close to the experimental values. 
The opportunity was taken to calculate interaction parameters for this model for this system and the 
results are presented in the following table: 
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Table 3: Calculated NRTL interaction parameters 
 
System W12 W21 
Į D-glucose (1) – Water (2) 127.31843 -118.96837    
 
 
4.1.3 Solubility of D-Glucose monohydrate in Water  
 
       Fig 6 shows the thermogram obtained by means of the DSC 92 for the D-glucose monohydrate, is 
more complex than that of the   Į anhydrous D-Glucose. It presents two essential endothermic events, the 
first occurs at the temperature of 346.15K and indicates the dehydration of the Į monohydrate D-Glucose 
who will lead to the phase anhydrous of the Į D-Glucose, theoretically dehydration with place in the 
interval (323.15 – 353.15) K [13]. The second endothermic one is observed on the thermogram to wards 
423.15K; it corresponds to the fusion of Į anhydrous D-Glucose obtained after the water loss during the 
process of dehydration. 
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Fig 6: D-glucose monohydrate thermogram from DSC92 
 
 
The experimentally measured solubility of D-glucose monohydrate in water, are shown in the fig7. 
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Fig7:  Solid-Liquid equiliria for D-glucose monohydrate -Water 
 
For the modelling of the results, the NRTL model gives results very close to the experimental values. 
The opportunity was taken to calculate interaction parameters for this model for this system and the 
results are presented in the following table: 
 
Table 4: Calculated NRTL interaction parameters 
 
System W12 W21 
D-glucose monohydrate (1) – 
Water (2) 
35.9060034 -32.6916134 
          
According to this study   one notes that the solubility of (D-Sorbitol, Į - D-Glucose, and D-Glucose 
monohydrate) in water varies proportionally with the temperature this confirms the assumption which 
supposes that a polar molecule is solubilised in a polar solvent. 
And  one can also notice that  the experimental results gives a curve of solubility rather close to that 
resulting from modeling by UNIFAC which in its turn does not deviate too much from the ideal case. 
This confirms the reliability of model UNIFAC. Model NRTL gives good results. 
  
4.2 Ternary Systems 
 
       For the ternary systems, the solubility of an aqueous solution in two different solvents varies 
according to the composition of these two last, at constant temperature, giving place to an isotherm. The 
representation of the latter in the plan of an equilateral triangle delimits the areas where the aqueous 
solution is completely soluble (liquid phase) heterogeneous phase (liquid-solid). For this present work 
and taking account of the unavailability of the means to maintain a temperature constant for these ternary 
systems, measurements were realized rather in an interval of temperatures whose average value is 
precisely the value of targeted temperature. 
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       The ternary system considered is the D-Sorbitol-Water-Formamide where the results are shown in the 
fig 8(a, b, c) for the various following intervals of temperature: [300.15-302.15] K, [302.20-304.80] K 
and [307.00-309.50] K, respectively.  
 
For this system the results   of modelling by model NRTL are presented in the following table: 
 
 Table 5: Calculated NRTL interaction parameters 
 
Interaction 
parameters 
T=301.15K 
 
T=303.15K T=308.15 K 
 
W12 8 .633335 96.80903 97.77423 
W13 3.11846 152.25716 121.93258 
W21 -1.00429 -91.02148 -92.03215 
W23 -3.70323 -237.9957 87.62591 
W31 -1.85942 -138.4472 -47.90019 
W32 5.43307 289.50321 9525.09759 
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Fig 8(a, b, c): Solubility of D-Sorbitol in the mixture (Water -Formamide) has various temperatures 
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       It can be noticed that the three isotherms have practically the same pace where the three curves are 
almost parallel. It is noticed that for small proportions out of Formamide in mixed solvent, the solubility 
of D-Sorbitol increases very little with the proportion out of Formamide. 
 Then solubility increases rather quickly with the quantity of Formamide to reach a maximum value 
whose value changes with the interval of temperature regarded as shown by the following table:  
 
Table 6: Maximum solubility of D-Sorbitol 
 
Interval of temperature Maximum solubility of D-Sorbitol 
[300.15-302.15] K 0.3051 
[302.20-304.80] K 0.3641 
[307.00-309.50] K. 0.4438 
 
      One can thus conclude that the solubility of D-Sorbitol in the mixture of solvent increases with the 
increase in the temperature.  
Results shown in fig 8. (b) for the interval of temperature [ 302.20-304.80 ] K, shows that solubility of D-
Sorbitol in pure water and formamide are very close having for value 0.1796 and 0.1639, respectively. 
The two values are definitely lower than the maximum value of 0.3641 in the mixture of the two solvents 
water and formamide whose molar fractions are 0.2649 and 0.3708, respectively. With through this result, 
importance of the use of a mixture of solvents in ternary systems where the solubility of the aqueous 
solution is a key parameter.  
Fig 8. (a) and 8.(c)  correspondent with the intervals of temperature of [ 300.15-302.15 ] K and [ 
307.00-309.50 ] K, respectively, show that solubility of D-Sorbitol in pure water (0.1638 and 0.2256, 
respectively) are definitely lower than the maximum values of solubility in mixtures water-formamide 
(0.3051 and 0.4438, respectively) with compositions of (0.3215 and 0.3671) and (0.3144 and 0.2417), 
respectively.  The experimental results obtained by the means of calorimetric measurements (DSC 92) 
allowed the calculation of parameters of binary interaction for the thermodynamic model NRTL which 
was used for the prediction of the data of solid- liquid equilibria for the ternary system D-Sorbitol-Water-
Formamide. The results obtained are practically confused with the experimental values, encouraging the 
use of this model for this type of system.     
 
5. CONCLUSION 
 
In conclusion and for the considered systems it can be affirmed that the thermodynamic models used 
have shown to be reliable in predicting solid-liquid equilibria for various systems. However, they can be 
refined further by calculating updated interaction parameters by considering more systems. 
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